The KCNQ family of potassium channels underlie a repolarizing K ؉ current in the heart and the M-current in neurones.
There are five members of the KCNQ family of voltagegated potassium channels (KCNQ1-5). KCNQ1 together with KCNE1 constitutes an important repolarizing current in mammalian ventricular myocytes that has characteristically slow activation kinetics and is known as I Ks (1) (2) (3) . The channel is of great medical importance as mutations in the genes are a cause of hereditary sudden arrhythmic death as part of the long QT syndrome. Long QT syndrome is characterized by prolongation of the QT interval on the ECG and this predisposes the individual to torsade-de-pointes and subsequent sudden death due to ventricular fibrillation (4, 5) . About half of all cases of hereditary long QT are associated with mutations in the genes encoding the pore forming KCNQ1 and auxiliary subunit KCNE1 (LQT1 and LQT5, respectively) (6) . In addition, KCNQ1 (together with KCNE3) underlies a time independent current in gastric epithelial cells (7) . KCNQ2, KCNQ3, and KCNQ5 are the molecular correlates of the Mcurrent in neurones, and mutations in KCNQ2 can lead to hereditary epilepsy (8 -12) . KCNQ4 is present in the inner ear and defects in the channel once again can result in hereditary deafness (13) .
A characteristic property of these channels is that they are inhibited after agonist activation of G q/11 -coupled receptors, in particular the M 1 muscarinic receptor (9, 14, 15) . This is well recognized in neurons where inhibition of the current can have significant effects on excitability (16) . However, inhibition of I Ks after activation of the ␣ 1 G q/11 -coupled receptors also occurs and may influence the cardiac action potential (17) . The second messenger accounting for receptor-mediated regulation remained mysterious for a number of years but it is now thought that the major mechanism by which this occurs is through depletion of the membrane anionic phospholipid phosphatidylinositol (4,5)-bisphosphate (PIP 2 ) 3 (18 -21) . It is clear that anionic phospholipids can regulate a range of channels and transporters including inwardly rectifying K ϩ channels and the Na ϩ /Ca 2ϩ exchanger (22) . In the inwardly rectifying family of K ϩ channels the regulation occurs by direct interaction with a binding site on the channel. The residues underlying this are well defined by both biochemical and functional studies (23) (24) (25) (26) . Despite the obvious physiological significance of the regulation there is much less consensus as regards to the site of action on the KCNQ family of channels and for KCNQ1 only speculation as to the exact binding site (27) . In this study, we describe a combined biochemical and functional approach to identify a cluster of basic residues in the proximal C terminus of KCNQ1 as being of critical importance.
EXPERIMENTAL PROCEDURES
Molecular Biology-The cytoplasmic C terminus of KCNQ1 (amino acids 353 to 676) was cloned into the pmalc2x vector (New England Biolabs) using standard cloning techniques. The MBPKCNQ1C protein was expressed and purified as previously described (26, 28) . Site-directed mutagenesis was carried out using the QuikChange mutagenesis kit as per the manufacturer's instructions (Agilent Technologies).
Protein-Lipid Overlay Assay-PIP strips (Invitrogen) were used as previously described (26, 28) . PIP arrays (Invitrogen) were also used following the same method as for the PIP strips. Protein concentration used varied between 1 and 5 g/ml for the PIP strips to demonstrate that the amount of protein was not a limiting factor in the binding of the phosphoinositides. 1 g/ml of protein was used for the PIP arrays.
Liposome Preparation-PIP 2 lipids were obtained from Avanti Polar Lipids and PE, PS, and PC were obtained from Sigma. All were resuspended in 2:1, chloroform:methanol. A total of 1.5 mM lipids were added in the ratio of PC:PE:PS:PIP 2 (40:30:20:10) . The lipids were dried using a N 2 stream before resuspension in HBS-N (10 mM HEPES, pH 7.4, 500 mM NaCl). Lipids were incubated at 37°C for 45 min before subjecting them to 7 freeze/thaw cycles. Sonication for 5 min at 40°C was followed by extrusion through a mini extruder (100 nm filter, Avanti Polar Lipids).
Surface Plasmon Resonance-Measurements were made using a Biacore 3000 and a L1 chip (GE Healthcare). The L1 chip was prepared using 40 mM octyl glucoside (2 ϫ 10 l injections at a flow rate of 10 l/min). The chip was loaded with liposomes at a flow rate of 5 l/min for a total of 15 min. An injection of 10 mM NaOH (20 l) at a flow rate of 100 l/ min was used to remove any unbound lipids. Protein was washed over the surface of the chip at a flow rate of 30 l/ min. First BSA (120 l, 0.1 mg/ml) was used to reduce nonspecific binding (wait 15 min) before the desired protein (120 l) was washed over the chip surface. After a 15 min wait, a NaOH (20 l, flow 100 l/min) injection was used to remove protein bound to the lipids allowing the chip surface to be regenerated.
Electrophysiology-Currents produced by KCNQ1 and KCNE1 were recorded from transfected CHO-K1 cells or CHO cells stably expressing the human M 1 muscarinic acetylcholine receptor (CHO-hM 1 ) (15), 2 days after transfection. 500 ng of each vector was transfected using Lipofectamine (Invitrogen) as per the manufacturer's instructions. CHO-K1 cells and CHO-hM 1 cells were cultured as previously described (15, 29) . Whole cell voltage-clamp recording was carried out at room temperature using an Axopatch 200B amplifier (Axon Instruments). Transfected cells were identified by epifluorescence. The pipette solution for recordings made in CHO-K1 cells contained (mM): 150 KCl, 5 EGTA, 10 HEPES, 2 MgCl 2 , 1 CaCl 2 , and 5 (Na) 2 ATP (pH 7.2 with KOH). For recordings made in CHO-hM 1 cells, the pipette solution was supplemented with extra CaCl 2 to give 100 nM "free" Ca 2ϩ (1.97 mM CaCl 2 ). We included 100 nM free Ca 2ϩ in this intracellular pipette solution because it has been shown that phospholipase C requires at least resting levels of calcium to retain activity (30) . The extracellular solution for both cell lines contained (mM): 150 NaCl, 5 KCl, 10 HEPES, 2 MgCl 2 , and 1 CaCl 2 (pH 7.4 with NaOH). Currents were recorded at 2 min, after break-in, unless stated otherwise, by holding the cell at a voltage of Ϫ80 mV followed by stepped depolarizations from Ϫ80 to ϩ80 mV for 6 s in 10 mV increments, followed by a repolarizing pulse back to Ϫ20 mV for 2 s (to measure tail currents) and back to Ϫ80 mV. Series resistance was at least 70% compensated using the amplifier circuitry. Pipette resistance, when filled with intracellular solution, was ϳ1.5-2.5 megaohms, and pipette capacitance was reduced by coating the tip with a parafilm oil suspension. Data were analyzed using Clampfit and Microcal Origin software (23, 31) . Current-voltage relationships were determined by normalizing the maximal current densities at the end of each pulse potential to cell capacitance (nA or pA/pF). Peak tail current density (PTCD) was determined by normalizing the maximal current densities of the peak tail currents in response to each pulse potential to cell capacitance (pA/pF). The voltage dependence of channel activation (steady-state activation) (V 0.5 , indicates the potential at which the activation is half-maximal) was determined by fitting the normalized amplitude of the peak tail currents (y/y max ) versus test potential (V t ) with a Boltzmann function (y/y max ϭ 1/(1 ϩ exp[(V 0.5 Ϫ V t )/k])) (k indicates the slope factor). Voltage-dependent rates of activation (activation t1 ⁄ 2 ) were determined by calculating the time taken to reach half-maximal current density, after subtracting any instantaneous current, during the 6 s depolarization step at a range of voltages from ϩ30 to ϩ80 mV. To determine channel deactivation time constants (deactivation tau ()) the cells were repolarized to Ϫ20 mV for 2 s following a 6 s pulse to ϩ30, ϩ40, or ϩ50 mV and the resulting tail currents were fit to a single exponential function. To perform thermal energy calculations, single Boltzmann functions, see above for details, were fit to each of the normalized peak tail currents and the difference in free energy between closed and open states at 0 mV (⌬G 0 ) was calculated according to ⌬G 0 ϭ 0.2389 zFV 50 . Where V 50 is the half-activation voltage (V 0.5 ), Z is the equivalent gating charge, and F is the Faraday constant. The change in ⌬G 0 brought about by each mutation (⌬⌬G 0 ) was calculated as follows: ⌬⌬G 0 ϭ ⌬G 0 mutant Ϫ ⌬G 0 wild-type . Diacylglycerol C8 (diC8)-PIP 2 was obtained from Echelon Biosciences and oxotremorine methiodide (Oxo-M) was obtained from Sigma.
Statistical Analysis-Data are expressed as mean Ϯ S.E., and statistical comparisons were made using a one-way ANOVA with Dunnett's multiple comparison post hoc test or a two-way ANOVA with Bonferroni post hoc test. Statistical analysis was performed using GraphPad Prism (San Diego, CA). Data were considered to be statistically significant when p Ͻ 0.05.
RESULTS
Biochemical Demonstration of Binding of the C Terminus of KCNQ1 to Anionic Phospholipids-MBPKCNQ1C (79 kDa) was expressed and purified to around 70% purity, although there was some degradation of the protein to a 42-kDa fragment (possibly MBP) and also a 50-kDa product (Fig. 1A) . On incubation of the protein with PIP strips, it emerged that MBPKCNQ1C has a broad specificity of lipid binding, binding to most lipids including the monophosphoinositols, diphosphoinositols, and PIP 3 (Fig. 1, B and C) . The MBP when expressed alone does not show any binding to the PIP strips (Fig. 1, B and C) . This indicates that the binding observed comes directly from the KCNQ1C portion of the pro-tein. To determine the region of KCNQ1 that may be involved in this lipid binding, the C terminus was truncated to create a protein consisting of the first 100 amino acids proximal to the membrane domains (amino acids 353 to 452, as shown in Fig.  1A) . Purification of this protein shows that it is around 90% pure (Fig. 1A) . Comparison of various lipids such as phosphatidylinositol 4-phosphate (PI4P), PIP 2 , and PIP 3 show that there is little difference between the full-length and the truncated version (Fig. 1B) . This indicates that the lipid-binding region is located within this proximal C-terminal region of KCNQ1.
Residues Responsible for the Binding-To determine the residues involved in lipid binding the mutagenesis of suitable arginine and lysine residues within the full-length The proposed amino acid at the start of the C-terminal domain is indicated. The constructs used and the amino acids of KCNQ1 used to create them are also shown. A 10% SDS-PAGE gel was run with the soluble fraction from the purification (S) and 2 g of eluted protein (E) for both MBPKCNQ1C (79 kDa) and MBPKCNQ1⌬C proteins (50 kDa). The Bio-Rad broad range prestained marker is shown and the marker sizes in kilodaltons are indicated. B, PIP strips that have been incubated overnight with 1 g/ml of the desired protein as indicated and binding detected using an anti-MBP antiserum (1:1000) followed by anti-rabbit antibody (1:5000) from the ECL kit (GE Healthcare). (i) indicates binding observed with MBP, whereas (ii) and (iii) are MBPKCNQ1C and MBPKCNQ1⌬C, respectively. C, the relative binding of MBPKCNQ1C in comparison to MBP for a selection of the phosphoinositols present. MBPKCNQ1C has a broad specificity of binding. **, p Ͻ 0.01 and *, p Ͻ 0.05 as determined using one-way ANOVA followed by Dunnett's post test (n ϭ 3). Data are presented as mean Ϯ S.E. MBPKCNQ1C was undertaken. We targeted positively charged residues within the region contained in the deletion mutation and located close to the last transmembrane domain (residues Lys-354 to Lys-393) as proposed by Loussouarn et al. (27) based on homology modeling. In particular they proposed by homology with the inward rectifiers that the most proximal C-terminal basic residues might be important. As a potential control we mutated three basic residues (in the fulllength MBPKCNQ1C), located within MBPKCNQ1⌬C and at the C-terminal end of this proposed region, Arg-366, Arg-380, and Lys-393 to glutamate and observed no difference in binding whether these mutations were introduced singly or in combinations ( Fig. 2A and not shown). In contrast, targeting the most proximal basic residues was more revealing. Mutation of all 4 residues together (Lys-354, Lys-358, Arg-360, and Lys-362) to alanine caused loss of binding to all of the phosphoinositols. In addition, Lys-358 and Arg-360 seemed to be particularly important as mutation of these two residues to alanine together led to a comparable loss of binding (Fig. 2, A  and B) . In contrast, the mutation of Lys-354 and Lys-358 together to alanine qualitatively retained binding (not shown). The mutation of the Lys-354, Lys-358, Arg-360, and Lys-362 alone, to alanine, also did not obviously alter the lipid binding profile of the protein (Fig. 2, A and B, and not shown).
To further examine the relative change in affinity, PIP arrays were incubated with the MBPKCNQ1C, MBPKCNQ1⌬C, and MBPKCNQ1C K358A/R360A fusion proteins. The binding of MBPKCNQ1C and MBPKCNQ1⌬C saturated and there was no obvious difference in the affinity of the two proteins. In contrast, very little binding of MBPKCNQ1C K358A/R360A was detectable particularly to the di-and triphosphatidylinositol species (Fig. 3, A and B ).
An Alternative Biochemical Approach-To show that this effect is reproducible using a different type of assay, we used surface plasmon resonance. The L1 chip was chosen on the basis that it is easier to manipulate and because a bilayer is formed. Once liposomes were made and loaded onto the chip first, 1 and 10 M MBP were washed over the chip. No binding was observed with the control protein indicating that any binding that is observed is coming from the KCNQ1 C termi- nus (not shown). Then various concentrations of MBPKCNQ1C were washed over the chip. Interestingly, the presence of PS was required for binding of MBPKCNQ1C to occur. Liposomes that only contained PC/PE Ϯ PIP 2 showed no binding of MBPKCNQ1C even at 5 M concentration. In the presence of PC/PE/PS Ϯ PIP 2 binding occurred (Fig. 4A) . Although there is binding occurring to PC/PE/PS liposomes, the presence of PIP 2 increases the ability of MBPKCNQ1C to bind (Fig. 4A, inset) . A response of around 250 -300 response units (RU) was observed for 1 M MBPKCNQ1C. Increasing or decreasing the protein concentration used results in a subsequent increase or decrease in the RU. This indicates that this method is able to detect binding of the protein to PIP 2 . When 1 M MBPKCNQ1⌬C was washed over the chip surface binding of around 150 -200 RU was observed, not too dissimilar to the full-length C terminus (Fig. 4B ). When 1 M MBPKCNQ1C K358A/R360A was used, binding was reduced to 0 -10 RU (Fig. 4B ). This was repeated on three separate occasions with similar results and validates the observations seen using the protein-lipid overlay assay.
What Are the Effects of These Mutations on Channel
Function?-We next sought to investigate the consequences of mutating the residues identified as important for binding phosphoinositides on the electrophysiological properties of the channel complex. We introduced these alanine mutations singly or in combination into KCNQ1-GFP and co-expressed them with KCNE1 in CHO-K1 cells to replicate the molecular basis of the cardiac current. We have previously shown that KCNQ1-GFP behaves in an essentially identical fashion to KCNQ1 from a functional point of view (31) . We used whole cell patching to measure and characterize the currents. All the mutants generated current but this was significantly (p Ͻ 0.05) reduced compared with control KCNQ1-GFP/KCNE1 and this reduction became more prominent as additional mutations were introduced such that the triple and quadruple mutant expressed only small amounts of current even at quite depolarized potentials (Fig. 5, A and B, and Table 1 ). Of the double mutations, K358A/R360A led to the most prominent effects on current density at a given potential (Fig. 5B and Table 1 ). This behavior could arise from a rightward shift in the steady-state activation curve and/or an intrinsic reduction in current with maximal activation. We investigated these possibilities by constructing voltage-dependent activation (steadystate activation) curves (Fig. 6A) and by measuring peak tail current density (PTCD) (Fig. 6B ). All the mutations and combinations of mutations led to a rightward shift of the former. The change was particularly prominent for R360A, a shift of ϳ44 mV, of the single mutants, and K358A/R360A of the double mutants ( Fig. 6A and Table 1 ). In addition, there was also a significant (p Ͻ 0.05) reduction in PTCD, after a depolarization step to ϩ40 mV, and this was particularly pronounced for the K354A/K358A/R360A and K354A/K358A/ R360A/K362A mutants. Of the single mutants R360A and K362A reduced PTCD, after a depolarization step to ϩ40 mV, by ϳ70 -75%, and the double mutants reduced PTCD by ϳ80 -90% ( Fig. 6B and Table 1 ). We investigated the kinetic basis for the change in voltage-dependent gating. We measured activation t1 ⁄ 2 over a range of voltages and deactivation Tau at ϩ30, ϩ40, and ϩ50 mV (Fig. 6, C and D, and Table 1 ). In general, all of the mutations and combinations thereof significantly (p Ͻ 0.05) accelerated the rate of deactivation ( Fig.  6D and Table 1 ). The effects on activation were more selective with only K354A, R360A, and K358A/R360A showing a significant (p Ͻ 0.05) slowing ( Fig. 6C and Table 1 ).
The Functional Effects of PIP 2 -It has been reported that the application of PIP 2 or a water soluble derivative (diC8-PIP 2 ) to KCNQ1/KCNE1 results in a leftward shift of the steady-state activation curve and a slowing of deactivation at a given potential (27, 32) . We investigated the effects of diC8-PIP 2 in our hands on the wild-type channel complex (KCNQ1-GFP/KCNE1) and on the K358A/R360A mutant. We included 25 M diC8-PIP 2 in the patch pipette in whole cell recordings and performed our standard pulse protocol. For the control channel (KCNQ1-GFP/KCNE1) the inclusion of the phospholipid led to a significant (p Ͻ 0.05) shift in a hyperpolarized direction of the steady-state activation curve, an increase in current density, and an increase in peak tail current density (Fig. 7 , A-D, and Table 1 ). The enhancement of steady-state gating appeared to occur because of an acceleration of the activation rate and not deactivation rate (Fig. 7 , E and F, and Table 1 ). In contrast, the inclusion of 25 M diC8-PIP 2 in the patch pipette did not act to significantly (p Ͼ 0.05) alter any of the properties of the current generated by the K358A/R360A mutant when expressed with KCNE1 (Fig.  7 , A-F, and Table 1 ). The inclusion of diC8-PIP 2 with KCNQ1-GFP/KCNE1 also seemed to promote a time-dependent inactivation of current at very non-physiological, depolarized potentials. This can be seen in the trace shown in Fig.  7A and is reflected in the shape of the steady-state activation curve displayed in Fig. 7C . We believe this is not a technical artifact and are investigating it further.
In an effort to obtain a single reading that highlights the efficacy of the energy perturbation produced by each mutation we calculated the free energy difference between closed and open states at 0 mV (⌬G 0 ) for each mutation and then calculated the difference in ⌬G 0 between wild-type (KCNQ1-GFP/KCNE1) and mutant channels (⌬⌬G 0 ). All of the mutations acted to cause significant (p Ͻ 0.05) differences in ⌬G 0 (Table 1 ). In particular, the single mutant R360A and double mutant K358A/R360A acted to cause the strongest relative stabilization of the closed state (Table 1) . This is also reflected in the ⌬⌬G 0 values, which show that of the single mutants R360A acts to stabilize the closed state most strongly ( Table  1 ). The addition of diC8-PIP 2 to the wild-type but not K358A/ R360A channels acted to significantly (p Ͻ 0.05) shift the ⌬G 0 toward a negative ⌬G 0 . This indicates that the addition of exogenous PIP 2 to KCNQ1-GFP/KCNE1 acts to favor a relative stabilization of the open state ( Table 1) .
Stimulation of the Muscarinic 1 Acetylcholine Receptor (hM 1 ) Acts to Modulate I Ks Channel Function-As stated earlier it has been reported that the application of diC8-PIP 2 to KCNQ1/KCNE1 results in a leftward shift of the steady-state activation curve and a slowing of the rate of deactivation at a given potential (27, 32) . In our hands the intracellular application of diC8-PIP 2 to KCNQ1-GFP/KCNE1 resulted in a significant shift (p Ͻ 0.05) in the steady-state activation curve. It did not, however, significantly (p Ͼ 0.05) alter the rate of deactivation and instead appeared to significantly (p Ͻ 0.05) alter the rate of activation at a given potential. To attempt to reconcile these differences we investigated the effect that depletion of PIP 2 has on channel function. To do this we decided to express both the wild-type channel and the double mutant, K358A/R360A, in a CHO cell line that stably expresses the G␣ q -coupled human M 1 muscarinic acetylcholine receptor (15) . The activation of this receptor by Oxo-M has previously been shown to result in rapid depletion of the membrane located at PIP 2 through activation of a PIP 2 -specific phospholipase C (30, 33) . Additionally, it has also been shown, in this cell line (CHO-hM 1 ), that M 1 receptor stimulation leads to closure of the KCNQ1/KCNE1 channel (15). When we expressed the wild-type channel and the double mutant in this cell line we initially noticed that the V 0.5 values were shifted in a hyperpolarized direction by ϳ20 mV (Fig. 8C and Table 1 ), in comparison to the values seen in CHO-K1 cells. This difference did not appear to be due to the extra calcium included in the pipette solution as wild-type currents recorded in this cell line using the pipette solution with lower calcium also displayed leftward shifted V 0.5 values (data not shown). We do not know why the channel has different V 0.5 values in different cell types but have also previously found that the V 0.5 value of this channel when expressed in HEK-293 cells is, in contrast, shifted in a depolarized direction (34) .
Upon comparison of the currents produced by the wild-type channel in the CHO-hM 1 cell line in the presence or absence of the M 1 muscarinic receptor stimulation by Oxo-M (10 M) we noted various changes in the biophysical characteristics. We found receptor stimulation acted to significantly (p Ͻ 0.05) shift the V 0.5 toward a more depolarized potential (a shift of ϳ35 mV) ( Fig. 8C and Table 1 ). Application of Oxo-M to the wild-type channel also resulted in significantly reduced (p Ͻ 0.05) current density and peak tail current density values at a given potential (Fig. 8, B and D, and Table 1 ). M 1 receptor stimulation also significantly (p Ͻ 0.05) affected the kinetics of wild-type channel activation and deactivation. Oxo-M acted to significantly (p Ͻ 0.05) slow the rate of channel activation and dramatically increase the rate of channel deactivation (Fig. 8, E and F, and Table  1 ). Interestingly, when we investigated the effects of Oxo-M (10 M) application on the currents produced by the double mutant we found that it acted to (p Ͻ 0.05) shift, although not as dramatically as that seen for the wild-type channel, the V 0.5 toward a more depolarized potential (a shift of ϳ14 mV) (Fig. 8C and Table 1). Oxo-M also acted to significantly (p Ͻ 0.05) reduce current density and peak tail current density values, at given potentials (Fig. 8, B and D, and Table 1 ). Given the extreme rightward Table 1. shift of the voltage activation curves these data should be interpreted with caution, as we cannot be certain that we are maximally activating the channels at the examined test potentials. In comparison to the effects seen for the wild-type channel, the effects on the deactivation and activation kinetics of the double mutant were less marked but M 1 receptor stimulation did act to significantly (p Ͻ 0.05) alter the rate of channel deactivation, but not activation (Fig. 8, E and F, and Table 1 ). M 1 receptor stimulation acted to significantly (p Ͻ 0.05) shift the ⌬G 0 of the wild-type channel, but not the double mutant, toward a positive ⌬G 0 . This indicates that M 1 receptor stimulation acts, in an opposite manner to the addition of diC8-PIP 2 , to favor a relative stabilization of the closed state (Table 1) .
DISCUSSION
Our major novel finding is that we have identified a cluster of basic residues in the C terminus of KCNQ1 for which we provide both biochemical and functional data showing their importance in binding anionic phospholipids. Of the positively charged residues in this cluster Lys-358 and Arg-360 seem to be particularly important. It is worth reviewing some of the findings to justify this statement. We use two biochemical techniques to directly assess the binding of purified protein to phospholipids. The full-length C terminus binds to anionic phospholipids well and this interaction is maintained if the C terminus is truncated to the proximal ϳ100 amino acids. We focused on the basic residues that are located close to the final transmembrane domain (Lys-354, Lys-358, Arg-360, and Lys-362). The binding results show that no single mutation is sufficient but that at least two residues must be mutated before binding is lost with the combined deletion of Lys-358 and Arg-360 to alanine resulting in substantial loss of binding. The binding assays we have used are more qualitative than quantitative, however, it is possible to extract ⌬⌬Gibbs free energy estimations from the shift in voltage dependence of activation (V 0.5 ) that each mutant causes compared with control ( Table 1) . As single mutations these calculated energies reveal that R360A contributes most strongly to stabilizing the relative closed state. The double, triple, and quadruple mutants act to further stabilize the relative closed state.
The best characterized PIP 2 binding site is that in the inwardly rectifying family of potassium channels. There is a wealth of data supporting the interaction of anionic phospholipids with a highly conserved basic motif in the proximal C terminus of the channel (23, 25, 26, 35) . For example, in Kir3.1 these residues are KKR (amino acids 188 -190). Structural studies of a chimera containing transmembrane domains from a bacterial inward rectifier with the N and C terminus of Kir3.1 were very revealing. The KKR residues formed a membrane facing charge cluster that could potentially electrostatically interact with the inositol head group (36) . A number of other residues have been identified as being important and a few are present at this interfacial region. However, a majority lie within the fold of the C terminus and may have allosteric effects on the central binding site (24, 36) . The inward rectifiers can also be activated quite efficiently by other phosphoinositides apart from PIP 2 and this would suggest a "loose" electrostatic interaction with the membrane rather than a heavily structured binding site that is present, for example, in the interaction of PIP 2 with the transcription factor tubby (37) . Therefore, a cluster of basic residues as a phosphoinositide binding site has strong precedent in the inward rectifier family and homology modeling would sup- port our hypothesis for the location of the binding site we have identified in KCNQ1. Indeed such a homology was initially proposed but there was no experimental data supporting the argument (27) and subsequent studies did not isolate these residues (32) . It has been suggested, particularly for the Kir family, that PIP 2 regulation is the final common pathway through which all channel regulatory influences converge (38, 39) perhaps by influencing closed open transitions at the helix-bundle crossing.
The residues we have identified in KCNQ1 are in a similar position relative to a potential helix bundle crossing if orientated with the crystal structure of the Kv1.2/2.1 channel chimera in mind (40) . However, it does appear that the biophysical mechanisms of KCNQ1 regulation by PIP 2 are perhaps more complex. Our data are compatible with PIP 2 primarily modulating the equilibrium of voltage-dependent activation. At a kinetic level, this at first appears to be due to a slowing of the closure of the channel from the open state as evidenced by the effects of charge neutralizing mutations and PIP 2 depletion, via M 1 receptor activation, on the rate of channel deactivation. However, in contrast, the exogenous addition of PIP 2 to membranes, where PIP 2 has not been depleted, causes changes in activation (i.e. closed open transitions) but limited effects on deactivation (i.e. open closed transitions). There are discrepancies between our data and the literature that may explain the above observations. For example, Loussouarn et al. (27) observed primarily changes in deactivation but not activation kinetics with the addition of PIP 2 . Are there any technical reasons why this might occur? Interestingly, in studies investigating the actions of PIP 2 addition on Kv11.1 (hERG) channel activation and deactivation kinetics conflicting findings have also been reported (41) (42) (43) . In the whole cell configuration Bian et al. (41) showed that application of 10 mol/liter of PIP 2 in the pipette solution led to an increase in current and acted to accelerate the rate of hERG channel activation but not deactivation. In comparison, when Rodriguez et al. (43) analyzed the biophysical effects of PIP 2 addition on hERG, using the inside-out macropatch configuration they found that PIP 2 acted to slow the rate of hERG deactivation and had no effect on activation. These findings have led to the suggestion that the reported differences in the biophysical effects of PIP 2 on the hERG channel are due to differences in the configuration of the experimental setup (whole cell compared with inside-out macropatches) (43) . It is well known that a number of channels and transporters are run down in the inside-out configuration, generally this occurs less prominently in the whole cell configuration and an FIGURE 6 . Detailed examination of the electrophysiological properties of the currents generated by charge neutralizing mutations in a region involved in phosphoinositide binding on KCNQ1-GFP. A, normalized voltage-dependent activation (steady-state activation) curves. The steady-state activation curves were determined by fitting the normalized amplitude of the peak tail currents versus test potential with a Boltzmann function (solid lines). B, PTCD was determined by normalizing the maximal peak tail current densities in response to each pulse potential to cell capacitance (pA/pF). C and D, activation and deactivation kinetics with voltage. The rates of activation (activation t1 ⁄2 ) and deactivation (deactivation ) were determined as described under "Experimental Procedures." Data are presented as mean Ϯ S.E. The number of cells analyzed are indicated in Table 1. important factor is the relative instability of membrane concentrations of PIP 2 in the former configuration (44) . In the case of the effects of PIP 2 addition on the KCNQ1/KCNE1 current, it is important to note that the changes in deactivation but not activation kinetics described by Loussouarn et al. (27) were seen in inside-out macropatches. Currents were normalized to cell capacitance. The voltage protocol used is shown in the inset. B, mean current-voltage relationships. Current-voltage relationships were determined by normalizing the maximal current densities at the end of each pulse potential to cell capacitance (nA/pF). C, normalized voltage-dependent activation (steady-state activation) curves. The steady-state activation curves were determined by fitting the normalized amplitude of the peak tail currents versus test potential with a Boltzmann function (solid or dashed lines). D, PTCD was determined by normalizing the maximal peak tail current in response to each pulse potential to cell capacitance (pA/pF). E and F, activation and deactivation kinetics with voltage. The rates of activation (activation t1 ⁄2 ) and deactivation (deactivation ) were determined as described under "Experimental Procedures." Data are presented as mean Ϯ S.E. The number of cells analyzed are indicated in Table 1 . For statistical comparison between diC8-PIP 2 (25 M) treated and untreated groups (e.g. KCNQ1-GFP/KCNE1 Ϯ diC8-PIP 2 ), a twoway ANOVA with a Bonferroni post hoc test was performed. †, p Ͻ 0.05 diC8-PIP 2 -treated (25 M) group compared with untreated group. *, p Ͻ 0.01 diC8-PIP 2 -treated (25 M) group compared with untreated group.
We also noticed when analyzing the effects of the sequential addition of charge neutralizing mutations on the voltage dependence of activation of the channel that the curves appear to converge on a limiting rightward (depolarizing) shift. This convergence may reflect the existence of gating mechanisms that are PIP 2 independent. Experimentally this concept is supported by the convergence of the curves for the triple and quadruple mutants and the residual shift in the K358A/R360A mutant after M 1 FIGURE 8. Effects of muscarinic 1 receptor (hM 1 ) activation on the currents generated by the wild-type channel and a PIP 2 binding site mutant. Currents were recorded in a CHO cell line stably expressing the human muscarinic 1 receptor (CHO-hM 1 ). After the whole cell configuration was achieved 10 M Oxo-M was either applied or not in the extracellular solution using a gravity based perfusion system for 5 min before and throughout recording. A, representative whole cell recordings of KCNQ1-GFP and K358A/R360A-GFP as indicated co-expressed with KCNE1 in the presence or absence of 10 M Oxo-M. Currents were normalized to cell capacitance. The voltage protocol used is shown in the inset. B, mean current-voltage relationships. Current-voltage relationships were determined by normalizing the maximal current densities at the end of each pulse potential to cell capacitance (nA/pF). C, normalized voltage-dependent activation (steady-state activation) curves. The steady-state activation curves were determined by fitting the normalized amplitude of the peak tail currents versus test potential with a Boltzmann function (solid or dashed lines). D, PTCD was determined by normalizing the maximal peak tail current in response to each pulse potential to cell capacitance (pA/pF). E and F, activation and deactivation kinetics with voltage. The rates of activation (activation t1 ⁄2 ) and deactivation (deactivation ) were determined as described under "Experimental Procedures." Data are presented as mean Ϯ S.E. The number of cells analyzed are indicated in Table 1 . For statistical comparison between Oxo-M-treated (10 M) and untreated groups (e.g. KCNQ1-GFP/KCNE1 Ϯ Oxo-M), a two-way ANOVA with a Bonferroni post hoc test was performed. †, p Ͻ 0.05 Oxo-M-treated (10 M) group compared with untreated group. *, p Ͻ 0.01 Oxo-M-treated (10 M) group compared with untreated group. receptor activation. Importantly in the latter, the curve converges to a distribution that is similar to that seen for the wild-type channel after M 1 receptor activation.
In addition to characterizing the effects on the wild-type channel, we also investigated the effects of M 1 receptor activation on the double mutant (K358A/R360A) that has disrupted phosphoinositide binding. M 1 receptor activation acted to shift the mutants voltage dependence of activation toward more depolarized potentials and reduce current density and peak tail current density. We feel that the changes seen in peak tail current, upon M 1 receptor activation, for this mutant should be interpreted cautiously. The pronounced rightward shifted voltage dependence of activation means it is unlikely that the channel is maximally activated even at the most depolarized potentials in the voltage step prior to tail current measurement. Experimentally there are technical limitations to the observations we can make due to frequent loss of the seal upon prolonged and pronounced depolarizations (test potentials above ϩ80 mV). Even so, this result is intriguing and could have various explanations. The first is that there may be some residual PIP 2 binding to this charge cluster and we do show evidence that other residues are involved. Second it is possible that additional PIP 2 binding sites exist on the channel. Alternatively, it is also possible that stimulation of the M 1 receptor acts to stimulate multiple pathways that not only act to deplete PIP 2 but cause changes in other signaling molecules that directly or indirectly alter the biophysical properties of the channel. For example, the production of diacylglycerol may contribute to M channel closure through the activation of protein kinase C and channel phosphorylation (45) . These are all areas for investigation in future experimental work.
The comparisons with the modulation of KCNQ2 by PIP 2 are intriguing. Shapiro and colleagues (46, 47) in a meticulous series of functional studies have identified a region distinct from ours in the C terminus of KCNQ2. An alignment of the relevant channels shows that this domain is relatively conserved in KCNQ3 but is quite different in KCNQ1 (Fig. 9) . In contrast, three of the four residues we have identified are conserved in KCNQ2/3 with Lys-358 replaced by glutamine (Fig. 9) . The equivalent histidine residue to His-361 in KCNQ1 has been identified as being of importance in the PIP 2 regulation of KCNQ2 (18) . It is interesting that this residue sits adjacent to the cluster of basic amino acids we have identified suggesting it could well have a modulatory role. There are two possible explanations for these varying data sets. The first is that the residues identified in our study form a core binding for PIP 2 but that other regions can also modulate channel activity allosterically. Alternatively, the binding site is different in other members of the KCNQ family with other regions contributing. These are interesting questions for future investigation. It is worth mentioning that the mode of regulation is different for KCNQ2/KCNQ3: the depletion of PIP 2 as occurs after G q/11 -coupled receptor activation results in a reduction in current without a prominent shift in the voltage dependence of gating (48, 49) . We see some effects on KCNQ1/ KCNE1 current density in the tail current measurements with the various manipulations of PIP 2 and binding site mutants but the shift in voltage dependence is much more important. A general issue is that functional studies in combination with site-directed mutagenesis to determine binding sites can be complicated by functional antagonism and other effects (50) . However, we have in addition directly shown in vitro binding with purified channel domains and this overcomes some of these problems. It is still possible that these residues may not be directly involved because of conformational effects on a binding site and this could only be unambiguously determined by crystallization of the full-length channel with PIP 2 . However, the comparisons with the inward rectifiers are striking and a crystal structure is known here (36, 51) . Furthermore, mutations known to affect KCNQ1 function in the long QT syndrome can in cases be functionally ameliorated by the addition of PIP 2 (32) . This contrasts with the effects of diC8-PIP 2 addition on the K358A/R360A mutant.
The C-terminal fusion proteins we generated had a wide binding specificity that would fit well with the proposed electrostatic binding model. It is conceivable these residues might also be important in recognizing phosphoinositides, other than PIP 2 , for example, in vesicle trafficking. It has been proposed that increased PtdIns(3,5)P 2 promotes exocytosis of KCNQ1/KCNE1 containing vesicles and thus increases the current amplitude (52) . Therefore, the reduction in current amplitude we see with the mutants could have additional explanations. Interestingly, the presence of PS in the liposomes used for surface plasmon resonance was required for binding of the KCNQ1 fusion proteins and without PS no binding of the full-length KCNQ1 was possible. PS has previously been shown to be required for the membrane recruitment of the C2 domain of PKC␣ (53) . PIP 2 and PtdIns(3,4,5)P 3 make up only a fraction of the negative charge in the membrane and PS is a predominantly negatively charged lipid that has been shown to be involved in recruiting proteins to this location (54) . We expressed the fusion proteins in the absence of calmodulin for the sake of simplicity. It has been reported that calmodulin is an essential protein component for the assembly of the channel and it significantly improves the yield and stability of the KCNQ1 C-terminal domain when coexpressed in bacteria (55, 56) . However, we found using maltosebinding protein as a fusion partner for the C-terminal domain that this yielded significant quantities of soluble and stable protein.
The physiological significance of the regulation of KCNQ2/3 by muscarinic receptors via PIP 2 in central neurones is well established (57) . In a similar manner, inhibition of KCNQ1/KCNE1 via receptor activation is observed after heterologous expression and angiotensin II is known to inhibit I Ks in guinea pig ventricular cells (15, 17, 58 ). . Alignment of human KCNQ1, KCNQ2, and KCNQ3. The highlighted residues in bold in KCNQ1 are those studied in this article. Histidine 361 is underlined and the region identified by Shapiro and colleagues (46, 47) in KCNQ2 is also highlighted. The extent of the deletion mutation in KCNQ1 is indicated by italics.
There have also been reports that a number of mutations in the long QT syndrome impair channel-PIP 2 interaction but these mutations are widely distributed throughout the protein and we think that they most likely act in an allosteric fashion (32, 60) . There is one mutation reported in the residues we have identified (R360G) and this leads to a severe loss of function (59) . We also made this mutant and confirmed these findings (data not shown). It would be interesting to investigate the effects of this mutation further. In summary, we have defined an anionic phospholipid binding site in KCNQ1 using a combination of biochemical and functional techniques. This work could provide a platform to explore the role of PIP 2 in the biology of this important family of potassium channels.
